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The proton-proton (pp) collisions at the Large Hadron Collider (LHC), CERN, Switzerland has
brought up new challenges and opportunities in understanding the experimental findings in con-
trast to the conventional lower energy pp collisions. Usually pp collisions are used as the baseline
measurement at the GeV and TeV energies in order to understand a possible high density QCD
medium formation in heavy-ion collisions. However, the TeV pp collisions have created a new
domain of research, where scientists have started observing heavy-ion-like features (signatures) in
high-multiplicity pp collisions. This warrants a relook into TeV pp collisions, if at all QGP-droplets
are produced in such collisions. In this presentation, I discuss some of the new findings and concepts
emerging out in pp collisions at the LHC energies along with some of the new emergent phenomena
in particle production.
PACS numbers:
I. INTRODUCTION
Relativistic heavy-ion collisions aim at producing the
primordial matter in the laboratory, thermodynamics of
which is governed by partons - quarks and gluons, in-
stead of the usual hadrons. The Universe at its infancy,
was believed to be filled with such a deconfined mat-
ter of quarks and gluons. To recreate and characterize
such a system in the laboratory, proton-proton (pp) colli-
sions are usually used as baseline measurements assuming
no such creation of partonic medium and deconfinement
transition in these collisions. This is the case till the Rela-
tivistic Heavy Ion Collider (RHIC), Brookhaven National
Laboratory, USA pp collisions at a center-of-mass energy,√
s = 200 GeV. However, going from RHIC to the CERN
Large Hadron Collider (LHC), where there is 35-65 times
higher collision energies available in hadronic (pp) colli-
sions, a new domain of particle production has possibly
been created. This is because of new observations like
strangeness enhancement, long-range correlations, collec-
tivity in small systems (pp) etc., which are initially per-
ceived to be signatures of Quark-Gluon Plasma (QGP)
and expected to be seen in central heavy-ion collisions
[1]. The LHC energy frontier opens up new challenges
in understanding the multiplicity dependent experimen-
tal data and further characterizing the produced systems
using differential variables.
A deconfined state of partons is expected either at
very high temperatures and energy densities pertaining
to an early universe scenario (LHC) or through the com-
pression of nuclei so that the physical boundaries of the
hadrons vanish so as to create a free domain in which
the partons seem to roam around, the volume of which
is higher than the hadronic volume. The latter is ex-
pected to happen at lower collision energies, possibly at
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the FAIR or NICA. When the former points to a net-
baryon free regime, the latter is baryon-rich domain of
the Quantum Chromodynamics (QCD) phase space. For
the present discussions, we shall stay close to the early
universe scenario, which is the LHC energy domain. The
chemical freeze-out temperature where all the inelastic
particle producing interactions stop and the initial en-
ergy density measured at the LHC energies are much
higher than the lattice QCD prediction for a deconfine-
ment transition. These are the two basic requirements
after which, one looks for all the possible indirect sig-
natures of QGP, as it is highly short-lived. The kinetic
freeze-out temperature, Tkin measured from the simul-
taneous Blast-wave model fitting to the low-pT multi-
strange particle data taken by the ALICE experiment in
pp collisions at
√
s = 7 TeV reveals that Tkin is compa-
rable to that one obtains in p-Pb and Pb-Pb collisions.
This is found to be higher than the critical temperature
(Tc) for the deconfinement transition [2].
II. BASIC REQUIREMENTS FOR THE
FORMATION OF QGP
It is well-known that high energy accelerators help
us to revisit the earlier and hotter history of our Uni-
verse searching for a new simplicity by observing phe-
nomena and particles no longer observed in our every-
day experience. In this regards, three small and funda-
mental equations of Physics play a crucial role. Those
are the famous de Broglie equation: E ∝ 1/size, Ein-
stein’s equation: E = (
∑
imi)c
2 and Boltzmann equa-
tion: E = kT . Higher collision energies thus help in
probing lower length scales, producing a spectrum of new
particles and also creating very high temperatrues, which
pertain to an early time scenario. Through the head-on
collisions of heavy nuclei like Au+Au or Pb+Pb one cre-
ates very high temperature (almost 105 times the core of
the Sun) and energy density (order of magnitude higher
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2than the normal nuclear matter density) in the labora-
tory. Our theoretical estimations driven by lattice QCD
for a deconfinement transition to happen are the criti-
cal temperature, Tc ∼ 150 − 170 MeV and the critical
energy density, c ∼ 1 GeV/fm3 [3, 4]. It is also seen
that near this criticality the degrees of freedom of the
system rises sharply [5]. The new deconfined phase of
partons is highly short-lived (lifetime ∼ 10−23 sec) and
hence the signatures of such a plasma are all indirect in
nature. The major signatures of QGP are: strangeness
enhancement, elliptic flow (and the higher order harmon-
ics), suppression of quarkonia, long-range correlations,
higher degree of collective radial expansion etc. QGP is
perceived to be a thermally equilibrated (local) state of
partons in a domain of volume, which is higher than the
hadronic dimension. Thermalization is a requirement for
the QGP formation and this can happen through mu-
tual interactions of the system quanta given the volume
of the fireball is sufficient enough or in a smaller volume
like that of pp collisions, this could possibly also happen
through multiple interactions leading to the phenomenon
of multipartonic interactions (MPI), if the quanta have
sufficient momentum. This also goes inline with the re-
quirement of a hydrodynamic scenario in pp collisions,
where one expects the mean free path of the system to
be less than the system size and the space-time variation
of local thermodynamic quantities should be less than the
thermalization rate of the system, which is controlled by
microscopic interactions. Although it was expected from
the start of the RHIC at BNL that QGP will behave like
an ideal gas and approach the Stefan-Boltzmann limit
of different thermodynamic observables, after the discov-
eries are made, it was revealed that it behaves like a
“perfect fluid”, with minimum shear viscosity to entropy
ratio, η/s seen in nature [6]. Although QGP was discov-
ered at the RHIC energies, the LHC heavy-ion runs were
expected to bring new domains of particle production and
some of the QGP signatures would depend on collision
energy, like that was seen for the degree of quarkonia sup-
pression at the LHC, which was found to be smaller than
that of RHIC. The LHC pp collisions, however brought up
new scaling laws in the final state irrespective of the col-
lision energy and collision species, showing the final state
multiplicity is the driving (scaling) observable. Let’s now
look into some of the important observations in LHC pp
collisions before drawing any conclusion or giving any
outlook for the possible formation of QGP-droplets in
such hadronic collisions at the LHC [7].
III. PROTON-PROTON COLLISIONS AT THE
LHC
The ALICE experiment has observed the enhancement
of multi-strange particles in high-multiplicity pp colli-
sions and the enhancement is found to be comparable
with p-Pb and Pb-Pb collisions at similar multiplici-
ties [2]. A simultaneous fitting of Blast-wave model to
FIG. 1: (Color Online) Event topology of pp collisions at
√
s
= 200 GeV in RHIC. The event shows a back-to-back jet
structure. Figure courtesy: STAR Experiment@RHIC [8].
the low-pT (bulk) of the spectra of multi-strange parti-
cles shows a degree of collective radial flow (< β >=
0.49 ± 0.02) and kinetic freeze-out temperature (Tkin =
163 ± 10 MeV), which is comparable to the critical tem-
perature, Tc, while hardening of the spectra is also seen
towards higher multiplicity classes [2]. The CMS experi-
ment has parallely come up with a highly interesting ob-
servation of near-side long-range ridge-like two particle
correlations in high-multiplicity pp collisions [10], which
was first observed in heavy-ion collisions at the RHIC
energies. There are attempts to understand these heavy-
ion-like observations in LHC pp high-multiplicity events
in order to conclude if these indicate to a new physics
or QGP-droplets are formed in these hadronic collisions.
In view of this, there are explorations through different
theoretical models to confront to these experimental ob-
servations.
The strangeness enhancement in high-multiplicity pp
collisions is explained by theoretical models like DIPSY,
where the interactions between gluonic strings are al-
lowed to form color ropes and through the mechanism
of rope hadronization, strangeness is produced. In ad-
dition, the radial flow observed in pp collisions is also
explained through “color reconnection” mechanism in
PYTHIA8. In the direction of small systems and ther-
malization, which is always a matter of great debate, if
one assumes the availability of sufficiently energy leading
to the participating partons to have enough momentum
to go through multiple interactions, the emerging phe-
nomenon, MPI happens to explain some of the features
observed in experiments. For instance MPI seems to ex-
plain the forward rapidity J/ψ production in pp collisions
at the LHC [11]. Although long-range near-side ridge
in two particle correlation has a hydrodynamic origin,
small system hydrodynamics is a question by itself. As
explained above, one can expect hydrodynamic collectiv-
ity at the partonic level possibly through multipartonic
interactions and this could be a reality at TeV energies,
when one starts to see the dominance of gluons and sea
quarks in the system. As explained in Ref. [12], the ob-
3FIG. 2: (Color Online) Event topology of pp collisions at
the LHC energies showing the evolution of particle density
in phase space: top to bottom - low-multiplicity, midium-
multiplicity and high-multiplicity pp collisions compared with
heavy-ion collisions at the TeV energies. Figure courtesy:
ALICE Experiment@CERN [9].
served ridge-like structure in high-multiplicity pp events
by the CMS experiment could be the evidence for the
collision of aligned high-intensity flux tubes connecting
the valence quarks of the colliding protons. The possible
formation of a high density QCD medium however war-
rants the observation of elliptic flow and possibly higher
order flow harmonics in pp collisions. In addition, we also
observe the inelastic pp cross section, σpp to show a differ-
ent functional behavior at the LHC energies compared to
the top RHIC energy [13]. This possibly invokes a new
domain of particle production which not only involves
hard-QCD processes at the partonic level, but also phe-
nomena like initial and final state radiation (ISR, FSR),
underlying events (UE), color reconnection (CR), multi-
partonic interactions (MPI), different hadronization phe-
nomena like rope hadronization.
IV. EVENT TOPOLOGY STUDIES IN
PROTON-PROTON COLLISIONS
The event topology of proton-proton collisions at GeV
energies is usually a back-to-back emission of momentum
conserving dijet structure as shown in Fig. 1. However,
at the LHC energies the event multiplicity in pp colli-
sions grows towards higher track densities in the phase
space, as shown in Fig. 2. The underlying physics of
these high-multiplicity events are yet to be fully under-
stood. At the meantime, as we know particle production
has soft (low-pT transfer) and hard components (dom-
inated by pQCD high pT processes), one needs to de-
vise new observables to study the event topology and
thus disentangle event types to make deeper studies. In
this direction, transverse spherocity (S0) and RT (a self-
normalized measurement of number of charged tracks in
the transverse region: NT / < NT > [14]) are some of
the new event shape observables. Transverse spherocity
is defined as:
SpherocityT = S0 =
pi2
4
min
~n=(nx,ny,0)
(∑
i |~pTi × ~n|∑
i |~pTi|
)2
, (1)
where the values of S0 which defines the structure in
the transverse plane runs from 0 (for jetty) to 1 (for
isotropic). In spherocity there is only φ dependence
and only back-to-back dijet shapes can be selected. A
schematic picture showing the selection of event topol-
ogy using spherocity in pp collisions is shown in Fig. 3.
The spherocity distribution of minimum bias events as a
function of charged particle multiplicity in pp collisions
at
√
s = 5.02 [15] is shown in Fig. 4 (top panel). One ob-
serves here that the high-multiplicity events have a higher
degree of having isotropic event topology. The bottom
panel of the figure shows isotropic events are dominated
by soft QCD processes, whereas the jetty topology is hard
QCD driven. These are obtained from PYTHIA8 simu-
lated events [15]. Moving from pp to p+Pb and Pb+Pb
collisions, it becomes evident to presume a smooth evo-
lution of final state multiplicity and also the process
4FIG. 3: (Color Online) A schematic of event topology of pp
collisions showing jetty and isotropic events.
of isotropization, given that more and more particles
are produced as the system size grows. Event shape
studies are highly helpful in separating the event types
and thereby the underlying particle production dynam-
ics. Differential studies using final state multiplicity and
event topology would be very useful in understanding the
pp physics at the LHC energies [16].
V. SOME EMERGING PHENOMENA IN
PROTON-PROTON PHYSICS
Some of the emergent physics aspects in view of the pp
collisions at the TeV energies are outlined below.
1. Particle multiplicity seems to drive the system
properties. Threshold of Nch ∼ 20 for MPI to be
dominant is observed, which is also seen as a ther-
modynamic limit where statistical ensembles give
similar results [11, 17]. pT ∼ 8 GeV/c indicates a
new domain of particle production [18].
2. Multipartonic interactions, Color reconnection,
Rope Hadronization seem to explain some of the
features observed in experiments.
3. Small system QGP-like behaviour is a future direc-
FIG. 4: (Color Online) (Top) The spherocity distribution of
minimum bias events as a function of charged particle mul-
tiplicity in pp collisions at
√
s = 5.02 [15]. High-multiplicity
events have a higher degree of isotropic event topology. (Bot-
tom) Isotropic events are dominated by soft QCD processes,
whereas the jetty topology is hard QCD driven.
tion of research and needs more explorations both
theoretically and through new observables in ex-
periments to conclude about possible formation of
QGP-droplets in pp collisions at the TeV energies.
4. Connecting particle production from hadronic to
nuclear collisions using various theoretical models
involving transport equations are necessary.
5. Application of non-extensive statistical mechanics
in hadronic collisions is driven by particle spectra
and this indicates to a new domain of studies on
systems away from thermodynamic equilibrium.
6. QCD thermodynamics: pp versus heavy-ion colli-
sions and the multiplicity dependence of thermo-
dynamic parameters.
7. Event topology studies using different observables
like transverse spherocity, RT etc. and their exper-
imental biases are some of the ongoing directions
of research.
Although this is a small list, we anticipate this to be
populated with time, when a deeper understanding of
underlying physics is made.
5VI. SUMMARY
In this contribution, we have tried to summarize some
of the important heavy-ion-like observations in pp colli-
sions at the LHC energies. The present theoretical un-
derstandings are also discussed, along with some outlook
on the event topology and the idea of looking into high-
multiplicity pp events in order to explore the possibilities
of formation of QGP-droplets at the LHC energies. This
presentation leaves out with some of the open questions
in pp physics, which need a deeper understanding.
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